Previous studies have defined a requirement for Sonic hedgehog (Shh) signaling in patterning the ventral telencephalon, a major source of the neuronal diversity found in the mature telencephalon. The zinc finger transcription factor Gli3 is a critical component of the Shh signaling pathway and its loss causes major defects in telencephalic development. Gli3 is expressed in a graded manner along the dorsoventral axis of the telencephalon but it is unknown whether Gli3 expression levels are important for dorsoventral telencephalic patterning. To address this, we used the Gli3 hypomorphic mouse mutant Polydactyly Nagoya (Pdn). We show that in Pdn/Pdn embryos, the telencephalic expression of Gli3 remains graded, but Gli3 mRNA and protein levels are reduced, resulting in an upregulation of Shh expression and signaling. These changes mainly affect the development of the lateral ganglionic eminence (LGE), with some disorganization of the medial ganglionic eminence mantle zone. The pallial/subpallial boundary is shifted dorsally and the production of postmitotic neurons is reduced. Moreover, LGE pioneer neurons that guide corticofugal axons into the LGE do not form properly, delaying the entry of corticofugal axons into the ventral telencephalon. Pdn/Pdn mutants also show severe pathfinding defects of thalamocortical axons in the ventral telencephalon. Transplantation experiments demonstrate that the intrinsic ability of the Pdn ventral telencephalon to guide thalamocortical axons is compromised. We conclude that correct Gli3 levels are particularly important for the LGE's growth, patterning, and development of axon guidance capabilities.
Introduction
The formation of a functional mammalian CNS requires the ordered generation of hundreds of different neuronal cell types. Understanding the mechanisms underlying the generation of this neuronal diversity is a major challenge in developmental neurobiology. The ventral telencephalon (VT) represents an excellent paradigm, as it gives rise not only to multiple neuronal cell types that form the basal ganglia and part of the amygdala and septum but also to several different types of olfactory and cortical interneurons. The VT also provides several cues to guide thalamocortical and corticothalamic axons (TCAs and CTAs, respectively) to their respective target areas in the cortex and thalamus.
Recent analyses have identified Sonic hedgehog (Shh) signaling as a key regulator controlling the generation of neuronal diversity in the VT. In Shh loss-of-function mutants, nearly all ventral telencephalic cell types are absent (Chiang et al., 1996; Rallu et al., 2002; Fuccillo et al., 2004) , whereas ectopic Shh expression in the dorsal telencephalon results in the upregulation of ventral telencephalic markers and the downregulation of dorsal markers (Ericson et al., 1995; Shimamura and Rubenstein, 1997; Kohtz et al., 1998; Gaiano et al., 1999; Rallu et al., 2002) . Similarly, Gli transcription factors, critical components of the Shh signaling pathway, are required for telencephalic development. Mutations in Gli3, in particular, affect the development of both ventral and dorsal components of the telencephalon (Grove et al., 1998; Theil et al., 1999; Tole et al., 2000; Kuschel et al., 2003; Theil, 2005; Fotaki et al., 2006; Friedrichs et al., 2008; Quinn et al., 2009; Yu et al., 2009a) . In the dorsal telencephalon, Gli3 controls patterning independently of Shh, but in the VT, Gli3 transcription and cleavage of Gli3 protein into its repressor form are suppressed by Shh signaling, resulting in a dorsal high to ventral low gradient of Gli3 expression. Ventral telencephalic patterning is restored in Shh;Gli3 double mutants, suggesting that Shh and Gli3 act antagonistically to pattern the VT (Aoto et al., 2002; Rallu et al., 2002; Rash and Grove, 2007) . It remains unclear, however, as to what extent the dorsoventral gradient of Gli3 expression is important for dorsoventral telencephalic patterning. As this question cannot be addressed in the Gli3-null mutant extra-toes, we used the Gli3 hypomorphic mouse mutant Polydactyly Nagoja (Pdn) (Hayasaka et al., 1980) . We show that in Pdn/Pdn mutants, levels of Gli3 mRNA and protein are reduced in the VT whereas the overall Gli3 expression pattern remains unaltered, resulting in a shallower gradient of Gli3 expression. This change causes an upregulation of Shh expression and signaling in the VT and se-verely affects the development of the lateral ganglionic eminence (LGE), which becomes ventralized at caudal levels and produces fewer neurons. The formation of the pallial/subpallial boundary (PSPB) is defective and corticothalamic and thalamocortical tracts show severe axon-guidance defects. Transplantation experiments show that the axon-guidance defects are caused at least in part by abnormalities intrinsic to the VT.
Materials and Methods
Mice. Pdn heterozygous animals were kept on a C3H/He background and were interbred. Embryonic (E) day 0.5 was assumed to start at midday of the day of vaginal plug discovery. Embryos were genotyped as described previously (Ueta et al., 2002) . In qualitative analyses of mutant phenotypes, heterozygous and wildtype embryos did not show differences and both were used as control embryos. For quantitative analyses, wild-type and Pdn/Pdn embryos were compared to avoid the possible risk of Pdn/ϩ embryos having subtle defects. For each marker and each stage, three to five nonexencephalic embryos were analyzed at rostral, medial, and caudal levels of the developing forebrain. Golli-GFP (Jacobs et al., 2007) and GFP mice (Pratt et al., 2000) were bred into the Pdn line.
In situ hybridization and immunohistochemistry. Antisense RNA probes for Dbx1 (Yun et al., 2001) , Dlx2 (Bulfone et al., 1993) , Ebf1 (Ló pez-Bendito et al., 2006) , Gli1 (Hui et al., 1994) , Gsh1 (Valerius et al., 1995) , Nkx2.1 (Lazzaro et al., 1991) , Nkx6.2 (Qiu et al., 1998) , Ptc (Goodrich et al., 1996) , Shh (Echelard et al., 1993) , and Six3 (Oliver et al., 1995) were labeled with digoxigenin. In situ hybridization on 12 m serial paraffin sections of mouse embryos were performed as described previously (Theil, 2005) .
Immunohistochemical analysis was performed as described previously (Theil, 2005) using antibodies against the following molecules: bromodeoxyuridine (BrdU, 1:50; Abcam), BrdU and iododeoxyuridine (IdU, 1:50; BD Bioscience), green fluorescent protein (GFP, 1:1000; Abcam), Glast (1:5000, Chemicon), Gsh2 (1:2500) (a gift from K. Campbell, Cincinnati Children's Hospital Medical Center, Cincinnati, OH), Isl1/2 (1:100; DSHB), neurofilament (1:5; DSHB), Pax6 (1:100; DSHB), PCNA (1:500; Abcam), phosphohistone-H3 (1:1000; Millipore), and ␤-III-tubulin (Tuj1 antibody, 1:1000; Sigma).
For measuring cell cycle lengths, pregnant females received a single, intraperitoneal injection of IdU (10 mg/ml) at E10.5, followed by an injection of BrdU 90 min later. Embryos were collected 2 h after the initial injection. To determine the generation of neurons by pulse-chase experiments, E10.5 pregnant females were intraperitoneally injected with BrdU. Embryos were harvested 24 h later and stained for BrdU and PCNA. The fraction of cells in the LGE and medial ganglionic eminence (MGE) that had left the cell cycle and differentiated into neurons was calculated by dividing the number of BrdU ϩ PCNA Ϫ cells by the total number of BrdU ϩ cells.
Carbocyanine dye injection and analysis. Brains were fixed overnight in 4% (w/v) paraformaldehyde (PFA) at 4°C. For cortical injections, single crystals of the lipophilic tracer DiI were injected into the cortex of whole brains at three or four symmetrical positions along the rostrocaudal extent of the cortex using pulled-glass capillaries. For thalamic injections, caudal parts of the brains were removed with a coronal cut to expose the caudal surface of the dorsal thalamus. Depending on brain size, single crystals were injected at one to three positions along the dorsoventral extent of the dorsal thalamus. Dyes were allowed to diffuse at room temperature for 4 -8 weeks in 4% (w/v) PFA in PBS. Brains were rinsed in PBS, embedded in agarose, and sectioned coronally on a vibratome at 100 -200 m. Sections were cleared in 9:1 glycerol:PBS solution containing the nuclear counterstain TOPRO3 (0.2 M) overnight at 4°C.
Explant culture. Organotypic slice cultures of different levels of the embryonic mouse telencephalon were prepared as previously described (Ló pez-Bendito et al., 2006) . Brain slices were cultured on polycarbonate culture membranes (8 m pore size; Corning Costar) in organ-tissue dishes containing 1 ml of medium [Neurobasal/B-27 (Invitrogen) supplemented with glutamine, glucose, penicillin, and streptomycin]. Slices were cultured for 72 h, fixed with 4% PFA, and processed for anti-GFP immunofluorescence as described above.
Quantitative reverse transcription PCR. cDNA samples were collected from the E10.5 telencephalon and from the E12.5 VT of wild-type or Pdn/Pdn embryos. Quantitative reverse transcription PCR (qRT-PCR) used the following primer pairs: Shh (5Ј-ATTTTGTGAGGCCAAG-CAAC-3Ј and 5Ј-CAGGAGCATAGCAGGAGAGG-3Ј), Gli1 (5Ј-GTTAT-GGAGCAGCCAGAGAG-3Ј and 5Ј-GAGTTGATGAAAGCCACCAG-3Ј), Ptc1 (5Ј-GCATTCTGGCCCTAGCAATA-3Ј and 5Ј-CAACAGTCAC-Figure 1. Gli3 expression is reduced in the forebrain of Pdn/Pdn mutants. A-H, Gli3 in situ hybridization on coronal sections through the forebrain of E10.5 (A, D) and E12.5 (B, C, E, F ) wild-type (wt; A-C) and Pdn/Pdn (D-F ) embryos. Gli3 mRNA levels are clearly reduced in Pdn mutants but the overall expression pattern is conserved. The arrowheads in B, C, F, and G mark Gli3 expression in the MGE mantle zone. I, Gli3 Western blot analysis with E12.5 ventral telencephalic extracts. In Pdn mutant extract, Gli3 activator and repressor forms are present at reduced level but are absent in Xt J mutants. The asterisk indicates an additional Gli3-specific 85 kDa protein. An unspecific 50 kDa band was used as a loading control. J, Quantification of Western blot data. Asterisk (*) denotes statistically significant changes with p Յ 0.05. ctx, Cortex; DT, dorsal thalamus; zli, zona limitans intrathalamica.
CGAAGCAGAA-3Ј), and Gapdh (5Ј-AGGTTGTCTCCTGCGACTTCA-3Ј and 5Ј-CCAGGAAATGAAGCTTGACAAAG-3Ј). qRT-PCR was performed using Quantitect SYBR Green PCR kit (Qiagen) and a DNA Engine Opticon System (GRI). The abundance of each transcript in the original RNA sample was extrapolated from PCR kinetics using Opticon software.
Western blotting. Protein was extracted from VT of E12.5 wild-type and Pdn/Pdn embryos as described previously (Fotaki et al., 2006) . Equivalent amounts of protein were subjected to gel electrophoresis on a 3-8% gradient Tris-acetate gel (Invitrogen), and protein was transferred to a nitrocellulose membrane, which was incubated with rabbit polyclonal anti-Gli3 antibody (1:500; Abcam). After incubating with a horseradish peroxidase-conjugated anti-rabbit IgG secondary antibody (1:2000; Dako), signal was detected using ECL Plus detection (GE Healthcare). Band intensity was measured using ImageJ software and was normalized for the loading control.
Results
Shh signaling is upregulated in the VT of Pdn/Pdn mutants To test the effect of the Pdn mutation on Gli3 expression, we performed in situ hybridizations on coronal sections of the E10.5 and E12.5 forebrain. Confirming previous findings, Gli3 transcripts are restricted mainly to the ventricular zones of the developing cortex, VT, and thalamus of wild-type embryos ( Fig. 1A -D) (Hui et al., 1994; Fotaki et al., 2006) . In the VT, Gli3 shows a lateral high to medial low gradient of expression with low expression levels in the MGE. Upon longer color development, we also noted a previously undescribed group of Gli3-expressing cells in the MGE mantle (Fig. 1C ). In Pdn/Pdn mutant embryos, this expression pattern is conserved, although overall Gli3 expression levels are clearly reduced ( Fig.  1 E-H ).
Reduced Gli3 expression was also evident at the protein level ( Fig. 1 I) . In protein extracts from the E12.5 VT of wild-type embryos, Western blots using a Gli3 N-terminal antibody showed two Gli3 forms of 170 and 80 kDa, corresponding to the Gli3 activator and repressor, respectively. In Pdn/Pdn mutants, both forms are present but are reduced approximately threefold (repressor, 3.6fold Ϯ 1.2 SEM; activator, 2.8-fold Ϯ 0.9; n ϭ 5). Interestingly, the ratio of Gli3 repressor to activator remains unaltered (wild-type, 1.5 Ϯ 0.7 compared with 1.1 Ϯ 0.3 for Pdn/Pdn; n ϭ 3). This analysis also revealed low amounts of an additional Pdn/Pdn-specific Gli3 protein of ϳ85 kDa ( Fig. 1 I, asterisk) , which is likely to be encoded by previously described alternative splice products, leading to the insertion of 56 or 61 aa in the N-terminal part of the Gli3 protein (Thien and Rüther, 1999; Ueta et al., 2002) . The presence of a Gli3 activator protein containing the same additional amino acids is likely, but could not be resolved on these gels due to its high molecular weight (170 kDa compared with 175 kDa). Together, these analyses revealed reduced expression levels of Gli3 mRNA and protein while the overall Gli3 expression pattern and in particular its graded expression in the VT is not affected by the Pdn mutation.
We next analyzed whether the Pdn mutation alters Shh signaling in the VT by determining Shh expression and that of its target genes, Gli1 and Ptc1 (Goodrich et al., 1996; Lee et al., 1997) , at E10.5 and E12.5. In wild-type embryos, Shh expression was confined to MGE progenitor cells and to the MGE mantle zone at E10.5 and E12.5, respectively ( Fig. 2 A, C) ; Gli1 was expressed in the progenitor cells at the interganglionic sulcus separating the LGE and MGE (Fig. 2 E, G) ; and Ptc1 was expressed in the ventricular zone of the E10.5 and E12.5 MGE ( Fig. 2 I, K ). In Pdn/Pdn brains, patterns of expression were similar, but the domain of Ptc1 was expanded dorsally and overall expression levels of at least Shh and Ptc1 might be increased ( Fig. 2 B, D, F, H, J, K ) . Expression levels were therefore quantified by qRT-PCR on dissected E10.5 whole telencephali and on E12.5 ventral telencephali ( Fig. 2 M, N ) . This showed an approximately twofold increase in Shh and Ptc1 expression levels at both ages whereas Gli1 expression levels were significantly upregulated only at E12.5. Together, these experiments show an upregulation of Shh expression and increased Shh signaling in the mutant E10.5 and E12.5 VT.
The Pdn/Pdn VT displays patterning defects We next tested whether the alterations in Gli3 expression and Shh signaling described above might affect dorsoventral telencephalic patterning. To delineate the boundary between the dorsal and ventral telencephalon, we examined Dlx2 and Gsh2 expression. Dlx2 is expressed throughout the proliferative zone of the ventral telencephalon ( Fig. 3A) , whereas Gsh2 is expressed in a dorsal high to ventral low gradient in the LGE (Fig. 3C ). Both markers show a sharp expression boundary at the PSPB. In Pdn/Pdn brains, Dlx2 and Gsh2 expression are maintained in the VT but expand more dorsally. At the PSPB, some Dlx2 ϩ cells intermingle with Dlx2 Ϫ cells and some Gsh2 ϩ cells are mixed with Gsh2 Ϫ cells, suggesting abnormalities in the establishment or maintenance of this boundary (Fig.  3B,D) . These findings were confirmed by the expression of markers characteristic of the dorsal telencephalon. In control embryos, Pax6 expression is detected at high levels in neocortical progenitors with a sharp expression boundary at the PSPB (Fig.  3E ). In Pdn/Pdn mutants, the ventral limit of this expression at the PSPB is shifted dorsally closer to the angle region at the most lateral end of the LGE (Fig. 3F ). The Pax6expressing corticostriatal stream that emanates from the PSPB region is severely reduced in mutant embryos ( Fig. 3E,F) . Similarly, the expression of Dbx1, which is confined to progenitor cells of the ventral pallium (i.e., the region dorsal to the PSPB) of control embryos (Yun et al., 2001) (Fig.  3G ), is shifted dorsally in the Pdn/Pdn telencephalon and expands into more dorsal regions of the neocortex (Fig. 3G ,H) as in other Gli3 mutants (Hanashima et al., 2007; Friedrichs et al., 2008) . These marker analyses indicate that the boundary between ventral and dorsal telencephalon is defective, with the PSPB becoming less defined and shifted dorsally in Pdn/Pdn mutants.
Next, we analyzed the molecular regionalization within the Pdn/Pdn VT. Based upon their expression profiles, LGE and MGE progenitor regions can be subdivided into molecular subterritories (Yun et al., 2001; Flames et al., 2007) . Nkx2.1 expression is confined to the MGE, whereas Nkx6.2 is expressed on either side of the interganglionic sulcus ( Fig. 3 I, K ) . No differences were found in the expression of either marker in Pdn/Pdn brains, suggesting that the subdivision of the ventral telencephalon in LGE and MGE is not affected (Fig. 3 J, L) . The Gsh1 homeobox gene is expressed in a "salt and pepper" fashion at high levels in the MGE and at lower levels in the ventral LGE but not in the dorsal LGE (Yun et al., 2003) (Fig. 3M ). In Pdn/Pdn mutants, Gsh1 expression extends into the dorsal LGE but only at caudal levels. To quantify this effect, we subdivided the LGE where it was anatomically and molecularly (lack of Nkx2.1 expression) distinct from the MGE into rostral, central, and caudal regions but excluded the caudal-most telencephalon containing the caudal ganglionic eminence. Counting Gsh1-expressing cells in the sodefined LGE showed a approximately twofold increase in the number of Gsh1-expressing cells specifically in the caudal LGE (Mann-Whitney test, p ϭ 0.034, n ϭ 3) ( Fig. 3O ), suggesting a partial ventralization of the Pdn/Pdn caudal LGE.
During this marker analysis, we noticed that the Pdn/Pdn LGE appears smaller and does not protrude as much into the ventricle as in controls. The thickness of the proliferative region of the Pdn/Pdn LGE does not seem to be affected, but the mantle region containing postmitotic neurons seemed to be thinner ( Fig. 3 ). We therefore tested the Pdn/Pdn VT for its ability to produce neurons at early steps of forebrain development by Tuj1 immunohistochemistry, an early panneuronal marker. In control embryos, this staining revealed thick MGE and LGE mantle regions and the preplate overlying the cortical ventricular zone (Fig. 4A ). In Pdn/Pdn embryos, we found no differences in Tuj1 expression in the MGE mantle or in the preplate, but the LGE mantle region appeared thinner, suggesting a defect in neurogenesis ( Fig. 4E ). To define the origin of this defect, Tuj1 staining was repeated on E10.5 telencephali (Fig. 4B,F) . On adjacent sections, Nkx2.1 and Dlx2 in situ hybridizations were used to identify LGE and MGE (data not shown). Tuj1 ϩ cells were then counted in LGE and MGE territories. Although this analysis did not reveal significant differences in the percentage of Tuj1 ϩ cells between wild-type and Pdn/Pdn MGE, the percentage of Tuj1 ϩ cells within the Pdn/Pdn LGE was significantly reduced to approximately one-third ( Fig. 4I ) (Mann-Whitney test, p ϭ 0.05, n ϭ 3), suggesting that the size reduction of the Pdn/Pdn LGE results from a reduced number of postmitotic neurons.
This reduction may be explained by a reduced number of dividing cells or by an increase in apoptosis. However, the pro-portions of neither mitotic nor apoptotic cells appeared altered in the Pdn/Pdn LGE (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). Alternatively, the Pdn mutation may alter the cell cycle parameters of LGE progenitors. A BrdU/IdU labeling strategy (Martynoga et al., 2005) was used to determine the total cell cycle length (T L ) and the length of the S phase (T S ) in the ventral telencephalon of wild-type and Pdn/ Pdn E10.5 brains (Fig. 4C,G) . We found no differences in either T S or T L of MGE progenitors (Fig. 4 J) . However, in proliferating cells of the mutant LGE, T S and T L were significantly longer by ϳ2 and 2.5 h, respectively (Mann-Whitney test, p ϭ 0.05, n ϭ 3), suggesting that Pdn/Pdn LGE proliferating cells progress through the cell cycle at a slower rate. To further address whether the generation of neurons is modified in the LGE, we performed BrdU pulse chase experiments. BrdU was given to E10.5 pregnant mice 24 h before dissection at E11.5 and PCNA staining was used to reveal all proliferating cells. This analysis showed that the fraction of cells leaving the cell cycle and differentiating into neurons (BrdU ϩ /PCNA Ϫ ) is significantly reduced in the LGE of Pdn/Pdn mutants, whereas the fraction of progenitors (BrdU ϩ /PCNA ϩ ) is significantly increased. In contrast, the Pdn mutation did not affect the generation of neurons in the MGE (Fig.  4 D, H,K ) . Together, these data suggest that the reduction in the size of the LGE is due to a reduced number of Tuj1 ϩ postmitotic neurons. As the Pdn mutation selectively increases the cell cycle length of LGE precursor cells, this elongation is likely to contribute to a reduced differentiation rate in the mutant LGE.
The Pdn mutation affects the formation of ventral telencephalic structures important for the guidance of thalamocortical and corticothalamic axons We next addressed how later development of the Pdn/Pdn VT is affected. The LGE plays prominent roles in the guidance of TCA and CTA to their target areas in the cortex and thalamus, respectively. We therefore analyzed whether the formation of cues that guide these axons is affected in Pdn/Pdn embryos.
Initially, the LGE and the MGE provide two different transient populations of pioneer neurons that send their axons toward the cortex and thalamus, respectively (Métin and Godement, 1996; Molnár et al., 1998; Tuttle et al., 1999) . These pioneer axons act as a scaffold on which CTAs and TCAs enter the VT. Since no markers are available to selectively label these neurons, we investigated the presence of MGE and LGE pioneers in Pdn/Pdn embryos by DiI injections into the E12.5 thalamus and neocortex. In control embryos, these injections retrogradely label axons projecting from MGE and LGE pioneer neurons and their cell bodies (n ϭ 4 for each label) ( Fig. 5A-D) . Similarly, DiI injections into the Pdn/Pdn thalamus labeled the MGE pioneers in the mutant (n ϭ 4) ( Fig.  5 E, F ) . In contrast, DiI injected in the E12.5 cortex of Pdn/Pdn mutants did not reveal any pioneer cell bodies and axons in the LGE in any of the four brains that were analyzed (Fig. 5G,H ) . These data suggest that MGE pioneer neurons are present, but LGE pioneer neurons either fail to project toward the cortex or are absent in Pdn mutants.
Recent analysis has shown that cells originating in the LGE migrate into the MGE and form a permissive corridor along which TCAs traverse the MGE (Ló pez- Bendito et al., 2006) . Corridor cells are marked by Ebf1 expression from their birth in the E11.5 LGE and during their migration into the MGE, where they settle dorsal and ventral to the globus pallidus with the upper branch corresponding to the corridor and the lower branch to the external capsule ( Fig. 6 A, B) (Ló pez-Bendito et al., 2006) . In Pdn/ Pdn embryos, Ebf1-expressing cells are formed in the LGE (Fig.  6 E) and migrate toward the MGE, but their final organization in the MGE is altered (Fig. 6 F) . Although the corridor forms in mutant embryos, Ebf1-positive cells were not detected in a position ventral to the globus pallidus but in a broad stream extending toward the pial surface (Fig. 6 F) . Cells expressing Ebf1 weakly are also present ectopically in mutant dorsal telencephalon ( Fig.  6 F, arrow) . This abnormality in the MGE mantle region was confirmed by staining for Isl1/2, which marks cells in both the internal and the external capsule in wild-type embryos. In Pdn/ Pdn embryos, Isl1/2 ϩ cells were only detected dorsally of the globus pallidus (Fig. 6C,G) . This analysis also revealed a number of scattered Isl1/2 ϩ cells medial to the globus pallidus in the ventromedial MGE (Fig. 6G, arrows) , which were not detected in control embryos. Nkx2.1 staining on adjacent sections also showed that the globus pallidus (Ló pez-Bendito et al., 2006) is smaller in Pdn/Pdn embryos ( Fig. 6 D, H ) . This altered morphology may also cause subtle changes in the expression of axon guidance molecules important for the navigation of thalamocortical and corticothalamic axons through the ventral telencephalon (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Together, these results suggest an abnormal organization of the MGE mantle zone having ectopic Isl1/2 ϩ cells adjacent to an abnormally small globus pallidus.
The corticothalamic and thalamocortical tracts develop abnormally in Pdn/Pdn mutant mice
Next, we analyzed the development of the thalamocortical and corticothalamic tracts in Pdn/Pdn mutants. In control newborn (P0) brains, neurofilament (NF) immunostaining showed thalamocortical and corticofugal axons running through the VT, loosely organized within the striatum but more densely packed in the internal capsule (Fig. 7A ). NF staining showed the presence of these tracts in Pdn/Pdn animals but axons in the striatum appear disorganized, with some axons running in several abnormal directions (Fig. 7E) . Moreover, a thick axon bundle runs along the PSPB.
To further characterize the development of these tracts, we injected DiI crystals into the cortex and thalamus of control and Pdn/Pdn P0 brains. In control animals, thalamocortical and corticothalamic axons have completed their journey to their target regions in the cortex and dorsal thalamus, respectively. DiI injections in the cortex and thalamus reveal the full length of the two tracts ( Fig. 7B-D) . Axons are arranged in approximately parallel bundles in the striatum and are highly fasciculated in the internal capsule. In contrast, DiI injections into P0 mutant brains showed several abnormalities. Although DiI injected into the cortex diffuses into the dorsal thalamus, indicating that some Pdn/Pdn cortical and/or thalamic axons reach their final targets, fewer axons are labeled in the internal capsule ( Fig. 7F ) and the most strongly labeled bundle runs along the PSPB (Fig. 7F ) . DiI injections into the thalamus also revealed abnormal axonal trajectories, which vary along the rostral/caudal axis. Rostrally, labeled axons channel through the internal capsule, appear more disorganized in the striatum, and are present in a bundle running along the PSPB (Fig. 7G) . Caudally, labeled axons are also seen traversing the internal capsule, but abnormal bundles are seen growing ventrally through the globus pallidus toward the amygdala (Fig. 7H , white arrow) and projecting directly laterally between the internal capsule and the PSPB with a dorsal turn toward the cortex. Abnormally, few labeled axons enter the cortex, particularly caudally (Fig. 7H ) . Together, these analyses indicate a severe reduction in numbers of corticothalamic axons, many of which run along the PSPB, and a major misrouting of many thalamocortical axons in the VT of P0 Pdn/Pdn mutants.
To gain insights into the development of these defects, NF staining was performed on E14.5 control and Pdn/Pdn brains. NF ϩ axons are present in the developing thalamus, VT, and cortex of control embryos. The internal capsule contains a high density of NF ϩ axons whereas the striatum has more loosely organized axons ( Fig. 8 A) . Pdn/Pdn embryos have NF ϩ axons in the thalamus and VT (Fig. 8 B) , but axons run in a more disorganized manner in dorsal regions of the LGE and there are no NF ϩ axons in the mutant neocortex. NF ϩ axons stop in the VT before reaching the PSPB with no axons coming from or arriving at the cortex.
The trajectories of thalamocortical and corticothalamic axons were investigated by DiI injections into the E14.5 cortex and thalamus. In control brains, thalamocortical and corticothalamic axons reach the VT around E13.5/E14.5 (Ló pez-Bendito and Molnár, 2003) . While cortical axons are just starting to cross the PSPB at E14.5, thalamocortical axons have already penetrated the MGE, channeled through the internal capsule, and started to enter the developing cortex. In controls, therefore, cortical DiI injections anterogradely label the corticothalamic tract and retrogradely label the thalamocortical tract (Fig. 8C,E) , whereas E14.5 dorsal thalamic DiI injections reveal anterogradely labeled thalamocortical axons only (Fig. 8G,I ) . In Pdn/Pdn embryos, cortical DiI injections showed no labeled axons entering or leaving the cortex (Fig. 8 D, F ). Thalamic axons pass over the diencephalic/telencephalic boundary and funnel through the internal capsule but subsequently defasciculate and some axons project ventrally to the amygdaloid region (Fig. 8 H) . This ventral deflection was more pronounced at caudal levels (Fig. 8 J) . These results indicate that the corticothalamic and thalamocortical defects ob- C, D, G, H , Thalamic DiI injections (asterisk) revealed trajectories of TCAs. In the mutant, some TCAs enter the cortex rostrally but an ectopic axon bundle runs along the PSPB (G). Caudally, an ectopic axon bundle runs ventrally in the basal ganglia (white arrow) whereas other fiber bundles leave the internal capsule (ic) prematurely and directly project toward the PSPB (H, arrowheads). DT, Dorsal thalamus; hip, hippocampus; iz, intermediate zone.
served at P0 have their origin at the time when these tracts are forming.
Golli-tau-GFP reveals cortical axon pathfinding defects
Results from DiI analysis indicated severe pathfinding defects of corticofugal axons in Pdn/Pdn mutants. To examine corticothalamic axons in isolation, we used the Golli tau-green fluorescent protein (GFP) mouse line (Jacobs et al., 2007) , in which the golli promoter element of the myelin basic protein gene drives the expression of a GFP fusion protein in subplate and deep cortical neurons and labels their cell bodies and axons. In E14.5 control embryos, GFP ϩ axons were detected in the intermediate zone of the cortex and in the dorsal-most part of the LGE (Fig. 9A ). GFP immunostaining in combination with immunofluorescence for Glast, which labels glial fascicles at the PSPB, confirmed that corticothalamic axons have just passed over the PSPB (Fig. 9A) . Two days later, these axons have navigated through the internal capsule (Fig. 9B) . In Pdn/Pdn;Golli tau-GFP brains, GFP ϩ neurons are formed normally but we could not detect any GFP ϩ axons projecting over the PSPB at E14.5 and at E16.5. Instead, a GFP ϩ axon bundle runs along the PSPB (Fig. 9C,D) . In P0 control animals, GFP is expressed in the cell bodies and axons of cortical neurons ( Fig. 9 E, F ) , in particular in layers 5 and 6 and in subplate neurons (Jacobs et al., 2007) . At this stage, corticofugal GFP ϩ axons have reached the dorsal thalamus (Fig.  9F ) . In P0 Pdn/Pdn Golli GFP animals, some Pdn/Pdn GFP ϩ corticothalamic axons extend into the diencephalon, but none reach the dorsal thalamus and many make abnormal sharp turns in the striatum (Fig. 9G,H ) . These findings indicate a developmental delay of the corticothalamic tract and pathfinding errors in the VT.
The Pdn/Pdn VT is compromised in its ability to guide thalamocortical and corticofugal axons
It is likely that the severe defects in Pdn/Pdn VT are a major cause of the corticofugal and thalamocortical axonal defects in this region. This is strengthened by our finding that, although the Pdn/ Pdn cortex is thinner, neither thalamus nor cortex shows obvious abnormalities in their patterns of expression of several maker genes (supplemental Figs. 3-5, available at www.jneurosci.org as supplemental material). Cortical layers appear to form relatively normally and corticofugal neurons are specified (supplemental Figs. 4, 5 , available at www.jneurosci.org as supplemental material). Defects in cortical arealization are confined to the motor cortex, which is decreased in size (supplemental Fig. 6 , available at www.jneurosci.org as supplemental material), probably due to a ventralization of the rostrodorsal telencephalon (Kuschel et al., 2003) , but somatosensory and visual cortex are formed normally (supplemental Fig. 6 , available at www.jneurosci.org as supplemental material). In addition, non-neural cell populations such as oligodendrocytes are present normally in the Pdn/Pdn cortex (supplemental Fig. 7 , available at www.jneurosci.org as supplemental material). Nevertheless, since reduced Gli3 levels in thalamus and/or cortex might explain the abnormal development of thalamocortical and/or corticothalamic projections, we used a recently developed in vitro transplantation assay (Ló pez-Bendito et al., 2006) to test directly the ability of the Pdn/Pdn VT to guide thalamocortical axons. Pdn mutants were crossed with mice ubiquitously expressing a GFP fusion protein (Pratt et al., 2000) . Dorsal thalamic tissue from E13.5 GFP ϩ embryos was transplanted into the preoptic area of age-matched GFP Ϫ embryos, from where thalamic axons can enter the permissive corridor in the MGE (Ló pez-Bendito et al., 2006) . Transplantation of control;GFP ϩ thalamic tissue into control preoptic area led to axon outgrowth from the transplant toward the neocortex (n ϭ 8 of 9) ( Fig. 10 A-D) . Most thalamic axons migrated in the internal capsule (n ϭ 8 of 9) and, in a few cases, axons crossed the LGE and reached the cortex (n ϭ 3 of 9). Some axons also grew in the external capsule (n ϭ 4 of 9), as observed previously (Ló pez-Bendito et al., 2006) . After transplantation of Pdn/Pdn;GFP ϩ thalamus into control preoptic area, axons also migrated in the internal capsule (n ϭ 7 of 9) and in the external capsule (n ϭ 3 of (A, C, E, G, I ) and Pdn /Pdn (B, D, F, H, J ) E14.5 embryos. A, Neurofilament staining reveals axons in the cortex (ctx, arrowhead) . B, The mutant neocortex lacks neurofilament staining and TCAs have not reached the cortex yet. C-F, Cortical DiI injections (*) reveal the corticothalamic and thalamocortical tracts in control embryos (C, E) whereas CTAs fail to enter the VT in Pdn/Pdn embryos (D, F ). G-J, Thalamic DiI injections (*) show TCAs having migrated through the VT along the internal capsule (ic). In the rostral forebrain, some mutant TCAs enter the internal capsule but soon defasciculate (arrowhead), whereas others project ventrally toward the amygdala (arrow) (G, H ). This ventral deflection is more pronounced caudally (I, J ). str, Striatum. 9) ( Fig. 10 E, F ) , although a few axons grew along the ventral edge of the explant (n ϭ 4 of 9), a path which was not observed in control experiments. When we transplanted control;GFP ϩ thalamus into the preoptic area of Pdn/Pdn;GFP Ϫ embryos, we observed thalamic axons growing into the mutant VT in a disorganized manner and it was never possible to recognize pathways reminiscent of the internal or external capsule (n ϭ 10 of 10) (Fig. 10G,H ) . Some axons also projected along the ventral edge of the explant (n ϭ 6 of 10). These findings indicate that the Pdn/ Pdn mutant VT lacks an intrinsic ability to guide thalamic axons normally. Our findings also indicate that some mutant thalamic axons might have defects in their ability to follow guidance cues provided by the wild-type VT.
Finally, we used a similar transplantation assay to test the ability of Pdn/Pdn corticofugal axons to cross the PSPB and enter the striatum. For this purpose, cortical tissue from E16.5 GFP ϩ embryos was transplanted into the cortex of age-matched GFP Ϫ embryos, from where cortical axons can enter the intermediate zone and grow toward the ventral telencephalon. Transplantation of control;GFP ϩ cortical tissue into control cortex led to axon outgrowth from the transplant into the striatum (n ϭ 10 of 10) (Fig. 10 I) . When we transplanted Pdn/Pdn;GFP ϩ cortex into control cortex, we similarly observed GFP ϩ axons penetrating the ventral telencephalon (n ϭ 16 of 16) (Fig. 10 J) . In contrast, corticofugal axons do not enter the striatum but migrate along the PSPB after transplantation of control;GFP ϩ thalamus into the cortex of Pdn/Pdn;GFP Ϫ embryos (n ϭ 5 of 5) ( Fig. 10 K) , suggesting that the Pdn/Pdn ventral telencephalon has lost its ability to guide corticofugal axons into the striatum.
Discussion
In this study, we show that Pdn/Pdn embryos have an overall reduction of Gli3 expression levels, but graded Gli3 expression in the VT remains. This reduced Gli3 expression coincides with an upregulation of Shh expression in the VT and an extension of Shh signaling into the LGE. Pdn/Pdn mutants have severe patterning defects in the ventral telencephalon. Although the MGE mantle zone becomes disorganized, the LGE is most affected, showing growth and regionalization defects that have effects on the pathfinding of thalamocortical and corticothalamic axons.
Reduced Gli3 expression levels alter patterning of the VT
The function of Gli3 during the development of the ventral telencephalon is poorly understood. In the Gli3 hypomorphic mutation Pdn, the PSPB is shifted dorsally and is less well defined. Moreover, the LGE is partially ventralized at caudal levels and the LGE mantle is much reduced in thickness due to an elongation of the cell cycle of LGE progenitors, which leads to a decreased production of LGE neurons. Moreover, in newborn Pdn mutants, these early embryonic changes are consistent with an expansion of striatal projection neurons derived from the ventral LGE (supplemental Fig. 8 , available at www.jneurosci.org as supplemental material). Collectively, these phenotypes suggest that normal LGE development is highly sensitive to changes in Gli3 expression levels consistent with its position between the dorsal telencephalon, in which the Gli3 repressor predominates, and the MGE with high levels of Gli3 activator (Fotaki et al., 2006) . The relative severity of the LGE phenotypes in Pdn/Pdn mutants is also in contrast to mice lacking Gli3 completely. These animals show ventral telencephalic growth and differentiation defects transgene. A, B , GFP immunofluorescence shows cortical axons crossing the PSPB (E14.5) and penetrating the VT (E16.5). Glast immunofluorescence labels glial fascicles at the PSPB. C, D, Pdn/Pdn corticofugal axons fail to enter the VT but project along the PSPB (C, D, arrow) . E, F, In newborn control animals, GFP is expressed in the cell bodies and axons of layer 5 and 6 neurons and in subplate neurons. GFP ϩ axons have reached the dorsal thalamus. G, H, Few Pdn/Pdn GFP ϩ corticothalamic axons extend into the diencephalon but have not reached the thalamus. Many axons take abnormal routes in the striatum (str) whereas others project along the PSPB. DT, Dorsal thalamus; ctx, cortex; ic, internal capsule; CC, corpus callosum; fi, fimbria. (Yu et al., 2009a) , but the major defects are in the dorsal telencephalon. Therefore, it appears that Gli3 levels in the LGE of normal mice might be close to a threshold required for normal development whereas Gli3 levels in the dorsal telencephalon might be well above such a threshold.
Interestingly, the Pdn mutation leads to upregulation of Shh expression and signaling in the ventral telencephalon, suggesting that the phenotypes described above are linked to this upregulation. Their occurrence coincides with the onset of altered Shh signaling at E10.5 (Ueta et al., 2008) and the regionalization and growth defects in the Pdn/Pdn ventral telencephalon are consistent with known roles of Shh in regulating ventral telencephalic gene expression (Shimamura and Rubenstein, 1997; Rallu et al., 2002; Fuccillo et al., 2004; Xu et al., 2005; Yu et al., 2009b) and the expression of cell cycle regulators in neural tissues (Kenney and Rowitch, 2000; Ishibashi and McMahon, 2002; Kenney et al., 2003; Oliver et al., 2003; Lobjois et al., 2004; Cayuso et al., 2006; Alvarez-Medina et al., 2009) . Also, ectopic Shh expression in the dorsal spinal cord results in reduced neurogenesis (Rowitch et al., 1999) . These findings are therefore in line with previous analyses that showed the antagonism between Shh and Gli3 to be an important determinant of ventral telencephalic patterning (Rallu et al., 2002; Rash and Grove, 2007) . This antagonism involves interactions at multiple levels. Shh signaling inhibits the proteolytic processing of Gli3 into its repressor form, which negatively controls the expression of Shh target genes. Also, Gli3 expression is downregulated in neural cells close to a Shh source. Here, we extend these findings by showing that Gli3 in turn negatively regulates Shh expression in the ventral telencephalon. A more pronounced, but VT-restricted, increase in Shh expression is also found in Xt J /Xt J mutants (K.H.T. and T.T., unpublished data). These reciprocal interactions therefore appear to be part of a complex feedback mechanism that ensures the production of correct Gli3 repressor and Shh signaling levels. Finally, the Shh/Gli3 antagonism has been inferred from the analyses of loss-of-function mutations, which indicates an absolute requirement for both genes in VT patterning (Rallu et al., 2002; Rash and Grove, 2007) . Changing Gli3 expression levels and thereby the amount and extent of Shh signaling as in Pdn/Pdn mutants also has severe consequences on telencephalic development, emphasizing the importance of relative Gli3 and Shh expression levels and supporting a model where opposite gradients of Gli3 repressor and Shh signaling control patterning of the ventral telencephalon.
Axon guidance defects in Pdn/Pdn mutants result from early patterning defects
The ventral telencephalon gives rise to multiple neuronal and glial cell types and plays a major role in the guidance of TCAs and CTAs. Although the Pdn/Pdn ventral telencephalon still produces these cell types (Fig. 6 ; supplemental Figs. 7 and 8, available at www.jneurosci.org as supplemental material), its axon guidance capability is severely compromised. We showed that thalamocortical axons are capable of penetrating the VT but then project in abnormal directions, either into the amygdaloid region at caudal levels or prematurely exiting the internal capsule at rostral levels. Several lines of evidence indicate that defects in the VT play a major role in the development of these abnormalities. Patterning of the dorsal thalamus is not affected in Pdn/Pdn mutants. In contrast, the mantle zone of the MGE is disorganized and shows subtle changes in the expression patterns of axon guidance molecules (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). These alterations may be caused by changes in the morphology of the Pdn/Pdn ventral telencephalon and are unlikely to explain the severe TCA pathfinding defects. Moreover, although the permissive corridor forms in the mutant, the globus pallidus, which is nonpermissive for thalamocortical axons, is reduced in size, in particular in its medial extent. In- ctx; C, D) . E, F, Transplantation of Pdn/Pdn GFP ϩ thalamic tissue into the preoptic area of control embryos. Mutant thalamic axons grow into the VT via the internal and external capsules, but some axons project along the edge of the transplant (F, arrow). G, H, Transplantation of control GFP ϩ thalamic tissue into the preoptic area of Pdn/Pdn embryos. Thalamic axons grow into the VT in a disorganized manner. I, Transplantation of control GFP ϩ cortical tissue into the frontal cortex of control embryos. Cortical axons grow along the intermediate zone until they cross the PSPB and enter the striatum (str). J, Transplantation of Pdn/Pdn GFP ϩ cortical tissue into the frontal cortex of control embryos. Mutant cortical axons grow in the control intermediate zone and cross the PSPB entering the striatum. K, Transplantation of control GFP ϩ cortical tissue into the frontal cortex of Pdn/Pdn embryos. GFP ϩ cortical axons grow into mutant cortex in a disorganized manner, projecting away from or along the PSPB (arrowheads). stead, this medial MGE region, which lacks Nkx2.1 expression in Pdn/Pdn embryos, contains numerous Isl1/2 ϩ cells. Since Isl1/2 ϩ corridor cells are capable of guiding TCAs through the otherwise nonpermissive environment of the MGE (Ló pez- Bendito et al., 2006) , the scattered Isl1/2 ϩ cells might enable TCAs to enter the ventromedial MGE or leave the internal capsule prematurely. This scenario is also supported by our transplantation assay. Pdn mutant thalamic axons are capable of responding to ventral telencephalic guidance cues after transplantation into the preoptic area of control embryos, although some mutant axons project abnormally along the edge of the transplant, indicating some intrinsic defects. In turn, transplantation of wild-type thalamic tissue into the Pdn/Pdn preoptic area led to the disordered growth of TCAs into the host ventral telencephalon, strongly suggesting that the mutant VT is compromised in its ability to guide thalamic axons through the MGE. Together, these findings provide strong evidence for a major role of ventral telencephalic patterning defects in the development of the axon guidance defects in Pdn mutants.
In addition, corticofugal axons also showed severe pathfinding defects. Only a few corticothalamic axons project toward the diencephalon. DiI labeling and the use of the Golli-GFP transgene indicate that their entry into the LGE is delayed by several days. Instead, many axons project along the PSPB, a pattern frequently observed after perturbation of early corticothalamic development (Jones et al., 2002) . Several lines of evidence argue against a major involvement of the cortex in the development of this phenotype. The overall organization of the Pdn/Pdn cortex appears largely unaffected with subtle differences in cortical arealization, which are unlikely to explain the severe pathfinding defects of Pdn/Pdn corticofugal axons. More importantly, our transplantation assay clearly showed that Pdn/Pdn cortical axons can correctly navigate into the ventral telencephalon in a wildtype environment (Fig. 10) .
Guidance of CTAs across the PSPB is thought to involve a transient population of pioneer neurons located in the LGE (Métin and Godement, 1996) . Interestingly, the Pdn mutation represents the first known mutation to affect the development of these pioneers. In the absence of molecular markers, retrograde DiI labeling is the only method to identify these pioneer neurons, but it failed to label their projections; however, a similar population of pioneer neurons in the MGE is present in Pdn/Pdn embryos. LGE pioneers and their projections could also not be labeled by later (E14.5) DiI injections ( Fig. 8 F) into the cortex, arguing against a delay in their development. These findings therefore suggest either the absence of these neurons or a failure to project their axons toward the cortex. This defect might be explained by the partial ventralization of the caudal LGE and/or by the reduced neurogenesis in the LGE. Alternatively, the dorsal shift of the PSPB might interfere with the projection of these neurons as they might be separated from attractive guidance cues emanating from the cortex (Ló pez-Bendito et al., 2006) . Given the known role of pioneer neurons in the development of forebrain axonal connections (McConnell et al., 1989; De Carlos and O'Leary, 1992; Supèr et al., 1998; Lakhina et al., 2007; Piper et al., 2009) , defective LGE pioneer development in Pdn/Pdn embryos provides a strong explanation for the delay of CTAs to cross the PSPB. In addition, the defective formation of the PSPB might provide an alternative, not mutually exclusive, explanation for the navigation defects of CTAs (Molnár and Blakemore, 1995a; Molnár and Butler, 2002) . However, the finding that corticofugal axons penetrate the ventral telencephalon in P0 mutants suggests that the LGE pioneers might be important for the correct timing of crossing and the later-arriving thalamocortical axons might guide corticothalamic axons across the PSPB (Molnár and Blakemore, 1995b) .
Our study provides strong evidence that correct levels of Gli3 expression are required for normal patterning of the VT and for the development of its axon guidance capabilities. This analysis emphasizes the link between early patterning and axon pathfinding in the developing forebrain and demonstrates a previous unknown role for Gli3 in axonal development.
